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ABSTRACT 
The atomic structure and elastic properties of Y-silicon nanowire junctions of fork- and bough-types 
were theoretically studied and effective Young modulus were calculated using the Tersoff interatomic 
potential. In the final stages of bending, new bonds between different parts of the Y-shaped wires are 
formed. It was found that the stiffness of the nanowires considered can be compared with the stiffness 
of carbon nanotube Y-junctions.  
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Introduction 
Nanostructures, such as nanocrystals and nanowires (NW), represent the key building blocks for 
nanoscale science and technology. Nanowires are the most promising elements of nanotechnology. 
They can be used as field-effect transistors (FETs) 1, 2, logic gates 3, sensors 4 and more. The effective 
sizes and electronic properties of the species can be controlled during synthesis in a predictable 
manner. 5 An ability to obtain perfect silicon nanowires with millimeter length 6 opens new perspectives 
of using NWs as elements of micromechanical devices. Another perspective technological field is to use 
branched and hyperbranched nanowires. Conceptually, such structures offer another approach for 
increasing structural complexity and enable greater functionality. For example, branched NWs might 
serve as building blocks to design 3D interconnected computing structure. 7 
Dendrite-like nanowires were obtained by Fonseca et al 8 by the electron-beam-induced approach. 
Such structures can be treated as the “fork” Y type branched nanowires (Si-Y-NWs, Fig. 1a) with 90º 
angle between equal branches. Wang et al. 9 proposed a synthetic approach to branched nanowires of 
various chemical compositions. The single silicon nanowires serve as substrates to deposit gold 
nanoclusters. After that, a routine technique was used to grow nanowire branches in the same way as the 
initial wire stem. This method can be used for the obtaining the "bough" Y type branched nanowires 
(Si-YB-NWs, Fig. 1b) with a 60º angle between the branches and stem and effective wire diameters 
from 22 to 30 nm. Alivisatos et al. have reported a wet synthesis of tetrapod or branched nanocrystals of 
cadmium telluride and cadmium selenide, controlling the diameter of identical arms. 10 
 
Fig. 1. The models of Si-Y-NW's: a) "fork"- and b) "bough"- types. Insets: Scanning electron microscopy 
images of a branched silicon nanowires; a) adapted and reprinted with permission from Ref. 8. Copyright 
2005, American Institute of Physics. The scale bar is equal to 500 nm; b) adapted with permission from 
Ref. 9. Copyright 2004 American Chemical Society. The scale br is equal to 1 µm. 
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Though big experimentally activity, only very limited theoretical studies of the branched were 
carried out. In the paper of Menon et al. 11 nanotrees with a stem and perpendicular branches of 
hypothetical clathrate-like nanowires were investigated and their electronic properties were calculated. 
 
The electronic properties of Si- nanoflowers were studied by Avramov et al. 12 The presence of only 
two theoretical papers devoted this topic can be explained by the fact that the smallest realistic models 
of the branched NWs contain ~103 or more atoms, therefore a theoretical study of the proposed objects 
using ab initio techniques is a great challenge to quantum chemistry. 
Presented here is a theoretical study of atomic structure and mechanical properties of the branched 
silicon nanowires of fork and bough types using the model Tersoff interatomic potential. Using the 
extended cluster models, the effective Young elastic modulus of the junctions was calculated. It was 
shown that in contrast to similar Y-junctions of carbon nanotubes, the junctions behave as springs up to 
contact of the branches. The most drastic changes (including formation of new chemical bonds) in the 
atomic structure of the branched nanowires caused by the external stress are located in the junction 
region. The unique mechanical properties of the clusters enable their use as structural units of 
mechanical nanodevices. 
Structural models and methods of calculations 
Two possible types of three-terminal branched nanowires of finite lengths were studied. The first 
type (Y- "fork" configuration, Fig. 1a) has two equivalent branches attached to a stem. This cluster was 
used to study the dendrite-like nanowires previously obtained experimentally. 8 Unfortunately, no data 
concerning the atomic structure of the experimental wires are available. To describe the silicon dendrite 
structures we chose the 110  orientation of the NW stem and the 100  orientation of the branches as 
the most natural structure of the Si-Y-NWs. We assumed that the nanowires form a perfect Si-crystal 
lattice 13 with unpassivated and hydrogen passivated surfaces. 
The "bough" three-terminal Si-YB-NW branched nanowire is formed by connection of a nanowire 
branch with the stem (Fig. 1b). We used this type of clusters to model the structure of branched silicon 
nanowires obtained experimentally in the work of Wang et al. 9 (see Fig. 1b-inset). It was shown that 
the stem is oriented along the 111  direction whereas the branch is oriented along the 111  direction 
and was considered as a low-dimensional silicon monocrystal. To study the mechanical properties we 
designed a number of finite branched Y-shaped "bough"-type nanowires with effective diameters of the 
stem and branches in the range of 1-2 nm. The Young modulus of the wires with longer branches were 
calculated using extrapolation of the data obtained for finite systems. 
The simulations were performed using molecular mechanics with Tersoff model potential.  14,15 
The model potential successfully describes the atomic structure of bulk silicon and silicon nanowires,  16 
silicon surfaces, 17 point defects, 18 and their elastic properties. 19, 20 Depending on the wire 
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configuration, up to 10000 atoms were involved in the simulations using Broyden-Fletcher-Goldfarb-
Shanno (BFGS) 21 optimization technique. 
To simulate external pressure, we used the method of constructing an atomic plane 22, 23 with a 
frozen atomic plane fragment (Sfragment = 200 Å2) driven towards a branch in small steps. We used the 
same plane fragment for the all studied structures for the correct comparison of obtained elastic data. 
We performed and optimization of the atomic structure of the entire wire at each step. The wire was 
fixed in transversal direction to avoid shaking the structure. Also, the end of the stem of the “fork” NW 
and both ends of the stem of “bough” NW were fixed. To calculate the NW’s strain energy we chose the 
pure repulsive potential between the plane and nanowire to avoid nonrealistic bonding between them. 
The bending strain was defined as 
0r
r∆=ε  where 0rrr −=∆ , r0 is the distance in unstrained structure 
between branch ends in the case of “fork” NW and between the end of the branch and the stem in the 
case of “bough” NW, r is the current distance (Fig. 1). 
Results and discussion 
The changes in the total energy with respect to the total energy of the initial strain-free 
configuration reflect the strain energy E as a function of strain ε . The strain energy )(εE  for the Y-fork 
NW (d = 17 Å, L = 40 Å, Fig. 2a) displays a quadratic behavior until ε = 0.75. Increasing pressure leads 
to increased bond lengths between Si atoms at the outer wire surface region and shortened ones in the 
inner surface region with visible deflection the bond angles from their natural tetrahedral value of 
109.471o (compare Fig. 2b and Fig. 2c). The regions of the main distortion of the crystalline structure 
are the branch crossing interface (for “fork” Si-Y-NW, bonds between atoms here are shorter and 
marked by red, see Fig. 2c) and crossing of the branch and stem for Si-NW of bough type. Further 
increasing of the tension leads to reforming of chemical bonds in the region of branch crossing 
(ε ≥ εcritical, Fig. 2d) and formation of new bonds between the branch ends (ε ≥ ε'critical, Fig. 2e). The 
lattice structure of the other nanowire regions remains practically undistorted.  
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Fig. 2. Behavior of a Si-NW "fork" junction under loading  a) strain energy of the Si-Y-NW (d = 17.3 Å, 
L = 49.6 Å) as a function of deformation ε.  The arrows correspond to the stages of wire compression: b) 
unstrained configuration (ε = 0) c) εcritical = 0.75 d) ε'critical = 0.87 before creation of the bonds between the 
branches and e) ε'critical = 0.87 after creation of the bonds between the branches of the Y-NW. The bonds 
shown in red have lengths less than 2.26 Å, bonds shown in blue have lengths more than 2.41 Å. (the bond 
length in the bulk silicon is equal to 2.3516 Å 13). 
The unloading of the wire in the region εcritical > ε > ε'critical leads to unbending of the wire to a 
new structure with reformed bonds in the region of branch crossing with slightly higher energy than 
initial structure (∆E ≈ 3 eV) and larger effective Young modulus (1.9 GPa) than initial structure 
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(1.8 GPa). This effect can be used for hardening Y-wires. For Y-shaped “fork” nanowires, the elastic 
data (εcritical, ε'critical, E'', Yeff, E''/r0) is presented in Table 1 
Table 1. Elastic properties of studied Si-Y-NW. d and L are the wire’s branch diameter and length 
respectively, εcritical is critical strain for reformation of the chemical bonds in the region of branch 
crossing, ε'critical is critical strain to form new chemical bonds between the branch ends 
d, Å L, Å εcritical ε'critical E'', eV Yeff, GPa E''/r0, eV/Å 
24.7 0.67 0.68 56.23 1.02 1.71 
36.1 0.88 0.89 42.82 0.55 0.92 
47.3 0.83 0.84 34.41 0.33 0.55 
86.8 0.94 0.98 17.19 0.11 0.19 
13.4 
110.1 0.74 0.96 17.63 0.08 0.14 
27.5 0.43 0.93 327.40 5.98 9.98 
49.6 0.73 0.92 179.21 1.84 3.07 
68.6 0.95 0.97 102.05 0.84 1.39 
17.3 
76.6 0.94 0.97 112.85 0.77 1.29 
 
We estimated the effective Young modulus of the Si-Y-NW junctions with two different 
diameters (17.3 Å and 13.4 Å) as 
Sr
EYeff
0
′′= , where strain energy E was approximated as 2
2
1 ε′′= EE  on 
the assumption that the loading was mainly created by the atoms of the atomic plane and S is the square 
of the plane (S = Sfragment). The increasing of the length of the branches from 24.7 to 110.1 Å and from 
27.5 to 76.6 Å leads to decrease in the Young modulus from 1.02 GPa to 0.08 GPa for wires with 
diameter 13.4 Å and from 5.98 GPa to 0.77 GPa for the 17.3 Å nanowires (Fig. 3). Due to decreasing 
the relative number of distorted bonds and bond angles with increase of the branch lengths, the effective 
Young modulus of the wires with longer branches cannot be larger ones for studied systems.  
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Fig. 3. The effective Young’s modulus (Yeff) for Si-Y-NW as a function of branch length (L) of the 
nanowires. Two curves correspond to different nanowire diameters (13.4 and 17.3 Å). 
The unpassivated surface of the wire can influence the mechanical behavior especially at the 
critical bending values. We studied the Si-Y-NW (L = 49.6 Å, d = 17.3 Å) with the hydrogen passivated 
surface. We studied the bending process of the wire and found that due to the low chemical activity of 
hydrogen atoms, the branches of the wire do not bond with each other at the final deformation stage  
(ε > εcritical, Fig. 4a) and, therefore the strain energy of the passivated wire does not fall down and the 
energy moves up (Fig. 4b). Also the presence of hydrogen atoms increases the Si-Y-NW effective 
Young modulus (passivated Si-Y-NW: Yeff = 2.58 GPa, unpassivated Si-Y-NW: 1.77 GPa) due to the 
interaction of neighboring hydrogen atoms during the bending.  
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Fig. 4. The comparison of passivated and unpassivated Si-Y-NW at ε = 0.78: The unpassivated Si-Y-NW 
bent inelastically due to the reforming of the bonds in the region of branch crossing in the region 0.75 < ε < 
0.87, whereas the passivated Si-Y-NW bended elastically. 
To study the effective Young modulus of the Y-shaped “bough”-junctions type nanowires (Si-
YB-NWs, Fig. 1b) we calculated nanowires with diameters 9.5 Å, 13.5 Å and 18.8 Å (Fig. 5b-e). To 
load the stress, the atomic plane was driven toward the single wire branch approaching the stem. Both 
ends of the stem were fixed. In Fig. 4 the results of applying of the external stress to the typical Si-YB-
NW with d = 13.5 Å and L = 57.9 Å are presented. The mechanism of deformation of the Si-YB-NW 
junctions is more complex than the Si-"fork" one. At the first stages of bending, the deformations of 
both branch and stem occur. Along with the bending of the branch the stem buckles. This leads to 
oscillation of the strain energy (Fig. 5a) in the region of 0 < ε < 0.44. Pure bending of the branch begins 
from ε = 0.44 (Fig. 5c) up to εcritical = 0.87 (Fig. 5d and Fig. 4a, light green part of the curve). Further 
increasing the tension leads to reformation of the bonds in the region of branch and stem junction and 
formation of new covalent bonds between branch end and the stem (Fig. 5e) with a decrease in the 
strain energy (Fig. 5(a,e)). 
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In the case of Si-YB-NWs with longer branch lengths, a deformation of only the branch part, 
located far away from the branch-stem crossing, occurs (Figs. 4g and 4f). This effect is caused by 
irregular stiffness of the Si-YB-NWs.  
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The results of the calculation of effective Young modulus of Si-YB-NWs are presented in Fig. 6. 
The elongation of the branches from 45.1 to 107.2 Å, from 38.6 to 117.4 Å and from 44.7 to 120.7 Å 
leads to a decrease of the Young modulus from 0.49 GPa to 0.22 GPa for the wires with diameter 9.5 Å, 
from 2.45 GPa to 0.14 GPa for the 13.5 Å wires and from 4.26 GPa to 0.45 GPa for the 18.8 Å 
nanowires. Due to decreasing distortions in the bond lengths and bond angles with increasing length of 
the branches, the effective Young modulus of the wires with longer branches cannot be larger the 
Young modulus of the finite length nanowires. The Y-shaped “bough”-junctions nanowires elastic data 
is presented in Table 2.  
L, Å
20 40 60 80 100 120 140
Y e
ff,
G
P
a
0
1
2
3
4
5
9.5 Å
13.5 Å
18.8 Å
 
Fig. 6. The effective Young’s modulus (Yeff) for Si-YB-NWs as a function of branch length (L) of the 
nanowires. Three curves correspond to different nanowires diamzeters (9.5, 13.5 and 18.8 Å). 
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Table 2. Elastic properties of studied Si-YB-NW. d and L are the wire’s branch diameter and length 
respectively, εcritical is critical strain to form new chemical bonds between the branch and the stem 
d, Å L, Å εcritical E'', eV Yeff, GPa E''/r0, eV/Å2 
45.1 0.77 30.55 0.49 0.81 
66.4 0.84 30.32 0.28 0.47 9.5 
107.2 0.77 36.23 0.22 0.36 
38.6 0.66 136.45 2.45 4.08 
57.9 0.86 43.49 0.53 0.88 
86.6 0.69 26.74 0.19 0.32 
13.5 
117.4 0.78 25.54 0.14 0.24 
44.7 0.75 245.53 4.26 7.10 
60.7 0.90 126.90 1.38 2.30 
92.2 0.85 63.31 0.45 0.75 
18.8 
120.7 0.75 59.66 0.32 0.53 
 
In the work of Ref. 23, the effective Young’s modulus of the “fork”-type Y junction nanotubes 
was calculated. For the Y-type single wall nanotubes (L = 45 Å and 90 Å, branch diameter d = 12.5 Å) 
and Si-YB-NW (L = 45.1 Å and L = 107.2 Å, d = 9.5 Å, see the Fig. 6 and Table 1) the 0rE ′′  values 
are equal to 0.24 eV/Å (Y-SWNT, L = 45 Å), 0.12 eV/Å (Y-SWNT, L = 90 Å), 0.81 eV/Å (Si-YB-NW, 
L = 45.1 Å) and 0.36 eV/Å (Si-YB-NW, L = 107.2 Å), respectively. The 0rE ′′  of double wall carbon 
nanotube Y junction is slightly larger (0.16 eV/Å, for L = 90 Å), than ones for Y-SWNTs, but is less 
than 0rE ′′  of the corresponding wire. The nanotube junction elastic data are presented in Table 3 and in 
the original paper. 23 
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 Table 3. Elastic properties of single wall (SWNT) and double wall (DWNT) carbon nanotube “bough” Y 
junction (from Ref. 22) 
 (n,m)-(l,k) d, Å L, Å E'', eV Yeff, GPa E''/r0, eV/Å 
(10,0)-(4,4) 5.4 45.0 14 1.09 0.44 
(19,0)-(9,9) 12.2 45.0 38 0.60 0.24 SWNT 
(19,0)-(9,9) 12.2 90.0 34 0.30 0.12 
DWNT 
(10,0)-(4,4)@(19,0)-
(9,9) 
12.2 90.0 46 0.40 0.16 
 
The unloading of elastically-bent wires should lead to oscillations of branches with a frequency 
depending on branch lengths and diameters. Therefore such structures can be used as tuning forks with 
ultrahigh frequencies. We should mention that studied nanowires can be elastically bent under strain up 
to ε = 0.9 similar to the carbon nanotubes “bough” Y junction investigated earlier 23 and can be used 
along with them as nanosprings.  
 
The elastic properties of branched Y- silicon nanowires of fork- and bough-types were studied 
by means of molecular mechanics simulations using the Tersoff model potential, and the effective 
Young modulus were calculated. During bending, in the inelastic regime the formation of new bonds 
between different parts of the nanowires in the region of branch crossing was observed. The Si-YB-
NWs demonstrate complex mechanisms of deformation under external stress due to the NW’s stem 
buckling in the first steps of bending. Due to irregularity of the branch stiffness, the Young modulus and 
bending mechanisms of the Si-Y-NWs and Si-YB-NWs depend on the branch lengths. The stiffness of 
the studied nanowires and nanotubes were compared with the literature. The Si-Y-junctions behave as 
springs up to contact of branches in contrast to similar Y-junctions of carbon nanotubes. It was found 
that the stiffness of the wires is much larger due to crystalline structure of the wires. The effective 
Young modulus of nanowires with longer branch lengths was estimated. 
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